Molecular dynamics trajectories have been computed and analyzed for linear chains, with sizes ranging from C,eHZ2 to C'c0H2e2, and for cyclic C,,H,,.
I. INTRODUCTION
Transitions between rotational isomeric states play the dominant role in local relaxational phenomena in macromolecules. For common flexible polymers in solutions of low viscosity, the time scale of the motions is on the order of nanoseconds or less. This time scale is well suited for investigation by simulations of the molecular dynamics. The molecular dynamics technique has proven to be of great value in providing insights into both the equilibrium and dynamic behavior of biological molecules, in particular. ' The purpose of the present work is to use the molecular dynamics technique to extract information on the kinetics of two fundamental processes, the rotational isomerization and equilibration, for an atom-based model of a common flexible polymer.
Polyethylene chains of n backbone bonds will be the system whose dynamics will be monitored in the present study. As far as the isomerization kinetics of real linear alkane chains is concerned, several important contributions*-" employing Brownian/stochastic dynamics or equivalent approaches furnish reasonable quantitative information. In this respect, the type of conformational potential adopted is of major importance in prescribing the dynamic behavior. Various approaches have been adopted in previous work, including Fixman-Kovac' and Ryckaert-Bellemans" models with holonomic constraints fixing all degrees of freedom other than torsional angles mobility, or Weber's method 'r6 in which bond angles, as well, are subject to harmonic potentials, etc. Here we use a version of the CHARMM algorithm developed by Karplus13 and supplied by Polygen. '" The model considers all hydrogen atoms explicitly. All bond lengths, bond angles, and dihedral angles are variable. The probability distribution for 4, ,gi + I) evaluated over a trajectory sufficiently long for a thorough sampling of the +i,#, + , surface, is consistent with the familiar features found in the conformational energy surfaces of small linear alkanes. I9
The results from simulations will be analyzed in relation to a simple model of rotameric transitions of backbone bonds, which is the basic mechanism of relaxation adopted in the dynamic rotational isomeric state approach.*",*' We will also look for sequential rotameric transitions at bonds i and i +j, wherej is a small integer.
II. METHODOLOGY OF THE MOLECULAFj DYNAMICS SIMULATIONS
The molecular dynamics simulations were performed with the CHARMM algorithm' using the CHARMM force field version 2.1A without electrostatics. Initial velocities for all of the hydrogen and carbon atoms were chosen according to 5348 J. Chem. Phys. 95 (7), 1 October 1991 0021-9606/91/l 95348-07$03.00 0 1991 American Institute of Physics the Boltzmann distribution. The system was allowed to equilibrate for 100 ps before starting the analysis. Trajectories with time steps of 0.1, 0.5, and 1 fs were computed and compared. The results reported here are those obtained with a time step of 0.5 fs. This choice of time step gave the fastest convergence to equilibrium values. Structural variables were recorded at intervals of 100 fs. Every 500 fs the temperature was checked, and if it was more than t 10 K from the desired temperature (300 or 400 K), the velocities were scaled by a single factor to bring the temperature into the desired range. Most of the simulations were performed with linear CSOH,02 at a temperature of 400 K. A few results were also obtained at 300 K in order to facilitate comparison with previous work. We also studied several other linear chains ranging in size from C,,Hz2 to CIOOHZ02, and one cyclic chain, (%d-Lm A small portion of a typical trajectory for an internal C-C bond at 400 K is depicted in Fig. 1 . This trajectory shows very rapid oscillations of magnitude several tens of degrees, and less frequent jumps of magnitude near 120". The range of the very rapid oscillations is better seen in Fig. 2 , where we plot the probability distribution of dihedral angles for all internal C-C bonds. This distribution shows three peaks at the expected isomeric states, tram ( t) , gauche + (g + ), and gauche-(g-).
An analysis as probability vs #i and $i + l (not shown here, but presented as For a quantitative analysis, the dihedral angle $i (i = 2,n -1) defined by the instantaneous state of the ith internal C-C bond is assigned to a rotational isomeric state as14iI<30"=tand +90"<#i<135"=g*.Veryrapidoscillations of unusually large magnitude, or transitions from one rotational isomeric state to another, sometimes lead to values of #i that lie outside these ranges. We assign to such values the last definite rotational isomeric state. Since the time spent in these transition regions is extremely short (less than 0.1 ps) compared with the time scale (0.1 ns) of rotational isomeric transitions, the uncertainty introduced by this procedure is negligible. Figure 3 depicts the occurrence of 2482 rotational isomerit transitions observed in C&H,,, over a period of 3.7 ns at 400 K. Transitions occur at all of the internal C-C bonds. Correlations are not immediately obvious when all of the data is presented in the manner of Since correlations were observed in transitions at bond i and bond i t 2 in the Brownian dynamics simulations of a simpler chain by Helfand and co-workers,' we searched for similar correlations in the molecular dynamics simulation of the atom-based model of polyethylene. This search can be made in a visual manner by suppressing the plotting of selected rotational isomeric transitions in Fig. 3 . Specifically, a point representing a rotational isomeric transition by bond i at time tin eluded in the evaluation of the former term at that particular At. At At = 0.3 ps, the number of transitions with next nearest neighbor correlations is nearly four times as large as the average of the numbers with correlations represented by j= 1 and 3. But these transitions account for only about 15% of all of the transitions depicted in Fig. 3 . Figure 6 clearly shows that the dominance of the next nearest neighbor correlations decreases as At is assigned larger values. Is the strength of the next nearest neighbor correlations sufficient so that it remains evident when other types of analysis are used, which employ all of the transitions depicted in Fig.  3 , rather than a carefully selected subset of the data that contains only 15% of the transitions? Alternatively stated, how well might the dynamics be approximated by a simpler analysis that ignores the next nearest neighbor correlations? This issue is examined in the next section.
Ill. CORRELATIONS IN TRANSITIONS AT NEARBY BONDS

IV. TRANS~FGAUCHE lSOME#llZATlON
Here we confine attention to the subset of bonds entering the tram state, at any stage of the simulation, and evaluate the fractionf(r) of bonds in the subset whose isomeric transition back to g' occurs within a time period shorter than or equal to r. Each event of residence in the tram state is independently analyzed, by adopting as its time origin that of passage into this state. Passages only in the forward direction of the isomerization t -+g * are considered in the evaluation off( 7). withj of 1 or 3 decreases as At increases (and, correspondingly, as a larger fraction of all of the transitions is examined). This point can be made differently by contrasting the behavior depicted in Fig. 6 with that which would have been observed if there were an absolute requirement for correlated transitions at bonds that are next nearest neighbors. An example of a chain with such an absolute requirement is poly ( 1,4-truns-butadiene) confined to the channel in crystalline perhydrotriphenylene.23 Here the on& rotational isomerit transitions seen in a trajectory of 70 ps duration occur as correlated anticiinal' wanticlinai r transitions at CH-CH, bonds that are next nearest neighbors. In terms of Fig.  6 , the curve with j = 2 would increase with time, but the curves with j = 1 and with j = 3 would remain precisely at zero throughout the trajectory. This absolute correlation is imposed on the poly ( 1 ,Ctruns-butadiene) chain by the walls of the channel. When the perhydrotriphenylene matrix is removed, the absolute preference for next nearest neighbor correlations is also removed.
How important is the next nearest neighbor correlation in polyethylene? One means of answering this question is to focus on Nj, which denotes the number of transitions on curve j in Fig. 6 at a particular At, and on N, which is the total number of transitions depicted in Fig. 3 . From these data we can formulate N2[ (N, + N,)/2] -' and (N, + N2 + N,)N-' . The former term is the ratio of the result for j = 2 to the average of the results forj = 1 and 3, evaluated from Fig. 6 at a particular ( 1) which, in the present case, reduces to Z(PS) FIG. 8 . Time dependence of the probability/(r) that a bond originally in state truns will undergo a rotameric transition prior to time r. The points are from the molecular dynamics trajectory for CsoH,ez, and thedashed line is from Eq. (4), using r, = 132 ps.
The factor of 2 in Eqs. ( 1) and (2) arises from the fact that the fractionf (r) is obtained for the transition t+g* whereas r, is defined for the transition t+g+ or t+g-, which is two times smaller. Application of Eq. (2) Using The analogy to a chemical reaction, [ 1 -f(r)] may be viewed as the probability that the reactant remains unchanged in the unimolecular irreversible reaction 2kg, t-+g-C * Assuming first order kinetics and using Eq. (3), the time dependence of this probability reads f(r) = 1 -exp( -2r/r,).
(4) Figure 8 compares the results from molecular dynamics simulations and the prediction of Eq. (4), calculated using r', = 132 ps. The data from the molecular dynamics trajectory shows a faster rise inf( r) at small times than does the computation from Eq. (4). The two curves cross which r is about one-half of ri. Equation (4) underestimates f(r) at longer times. Thus the influence of coupled transitions at short times is apparent.
V. EQUILIBRATION
The conditional probability p(g * /t) evaluated from the molecular dynamics trajectory of C,,H,,, is depicted in Fig. 9 . This conditional probability is defined as the probability that a bond in a t state at zero time is in either of the g states at a subsequent time. At long times p(g* /t) approaches the equilibrium probabilityp'(g+ ) = 0.43, as expected. The relaxation timer, associated with this equilibration process may be evaluated from 7, = s Y1 --pP(g*/wPOk*tll~,
0 which follows from the application of the right-hand side of Eq.
( 1) top(g + /t). 7, is found to be 37 ps, which is about 3.6 times smaller than the isomerization time r, evaluated above. The conditional probabilityp(g * /t) may be analytically obtained from the solution of the master equation governing conformational stochastics.*'**' In the simplest case of a single bond obeying independent transitions following the scheme: 
Clearly, r, is substantially shorter than ri. For stationary processes, using the principle of detailed balance, we have
On the premises of single bond dynamics dominating the observed behavior, the ratio of the time constants for the equilibration and isomerization processes becomes ?I=2+*. 7,
From Eq. (2) and Fig. 8 we have ri = 132 ps, and from Eq. (5) and Fig. 9 we have r, = 37 ps, yielding ri/re = 3.6. From the long time limit in Fig. 9 , p"( t)/p'(g -) = 2.7 and 2 + p"( t)/pO(g-) = 4.7. The ratio of 7, to 7, is predicted to within 25% of the correct value by an analysis that completely ignores the cooperativity of the rotational isomeric transitions. The smooth curve in Fig. 9 is the single exponential
where the best fitting value 7, = 37 ps is used. The value of p(g * /t) obtained directly from the molecular dynamics trajectory rises slightly faster than the smooth line at times up to one-half of r,, perhaps reflecting the influences of next nearest neighbor correlations that are important at very short times. Nevertheless, the smooth curve does follow the This work 1.6 10 data closely enough so that a useful summary of the equilibration time is provided by Eq. (9).
VI. COMPARISON WITH OTHER RESULTS
In order to compare the results obtained from CHARMM with others in the literature we have calculated a trajectory for C,,H,,, at 300 K. The results for the transition rate 2k,, are presented in Table I . The value for C,,H,, is the result of a trajectory run at 400 K and then scaled to the value it should have at 300 K if C,,H,, follows the same exponential law as CSoH,02. In the table are also listed published values obtained from other simulations. In spite of the differences in the algorithms used, the results are in quite good agreement. Isomerization times of 7.6 and 4.7 ns are reported by Levy et ~1.~ for C4 and C7, respectively, while Helfand's Brownian simulations" yield a value of 1.61 ns for C200. The times 4.0 and 2.5 observed for C,,H,, and C,,H,,, in the present simulations are consistent with those findings. Isomerization times reported by Montgomery et al." lie slightly above those times. Table II compares results deduced from molecular dynamics trajectories at 400 K for linear chains of 50 and 100 carbon atoms and for a cyclic chain with 100 carbon atoms. The same characteristic time is reported in the two rows, but computed in different ways. The first row is the isomerization time obtained through Eq. (5)) and multiplying by 4.7 The data in Table II shows that the molecular dynamics is not sensitive to a doubling in the number of carbon atoms from 50 to 100, nor are the transition times for a chain of 100 carbon atoms affected significantly by the presence or absence of ends. (Of course, the rates of conformational transitions do increase for much shorter linear chains, due to heavier weighting of the more mobile bonds near the end of the chain.)
